of the responses to noxious stimuli but, in addition, prevents the development of the sensitization of STT neurons that is often observed after intradermal injection of capsaicin.
These observations further support a role of EAAs in the transmission of sensory information from primary afferent fibers to dorsal horn neurons and a role for NMDA receptors in the generation of hyperalgesia.
Several lines of investigation have indicated that the excitatory amino acids (EAAs) glutamate (GLUT) and aspartate (ASP) participate in the chemical transmission of information from primary afferent fibers to dorsal horn neurons (see reviews by Puil, 1981; Watkins and Evans, 1981; Salt and Hill, 1983a; Mayer and Westbrook, 1987; Rustioni and Weinberg, 1989; Wilcox, 199 1) . However, no clear association of GLUT or ASP with a particular fiber type or response modality has been shown. For example, GLUT and ASP are found in both large and small dorsal root ganglion cells and large-and small-diameter primary afferent fibers (Wanaka et al., 1987; Battaglia and Rustioni, 1988; Westlund et al., 1989 Westlund et al., , 1990b , as well as in interneurons of the dorsal horn (Rizzoli, 1968; Fagg and Foster, 1983; Cotman et al., 1987; Storm-Mathisen and Ottersen, 1987) . In addition, the release of both EAAs has been demonstrated following low-as well as high-intensity electrical stimulation of peripheral nerves and after mechanical or chemical stimulation of the skin (Skilling et al., 1988; Liu et al., 1989; Kangrga and Randic, 1991; Sorkin et al., 1992) . The postsynaptic sites of action of the EAAs on neurons in rat, cat, and monkey include both NMDA and non-NMDA receptors (McLennan and Lodge, 1979; Watkins and Evans, 198 1; Peet et al., 1983; Salt and Hill, 1983b; Childs et al., 1988) . Several groups have suggested that the non-NMDA receptors mediate the responses of dorsal horn neurons to monosynaptic inputs while the NMDA receptors mediate the responses to polysynaptic inputs (Davies and Watkins, 1983; Peet et al., 1983; Schneider and Perl, 1985; Schouenborg and Sjolund, 1986; King et al., 1988; Morris, 1989) . Later studies associated the non-NMDA receptors with low-threshold inputs, presumably those transmitted by large myelinated fibers, while the NMDA receptors have been proposed to mediate nociceptive inputs, presumably from A6 and C fibers (Gerber and Randic, 1989a,b; Dickenson and Sullivan, 1990) . Behavioral studies have shown that administration of agonists specific to either of the EAA receptor subtypes produces aversive behaviors, but activation or blockade of NMDA receptors is particularly associated with the production or blockade of responses interpreted as reflecting hyperalgesia (Cahusac et al., 1984; Aanonsen and Wilcox, 1987; Raigorodsky and Urea, 1987; Yaksh, 1989) .
Previous work by our group on monkey spinothalamic tract (STT) neurons did not support the idea that NMDA receptors are specifically associated with nociceptive transmission. For example, we have shown that iontophoretic administration of an NMDA antagonist, DL-2-amino-7-phosphonoheptanoic acid (AP7), can reduce responses of individual STT cells to innocuous brushing of the skin as well as to noxious pinching of the skin (Dougherty and Willis, 199 1 a) . Furthermore, iontophoretic release of NMDA results in a significant increase of the average response of STT cells to brushing but not to pinching of the skin, although individual cells showed increased responses to pinching. The non-NMDA agonist quisqualic acid also affects the responses of many individual STT cells to both innocuous and noxious mechanical stimuli. Similar results have been reported following the iontophoretic release of NMDA and AMPA on the responses of rat projection neurons to mechanical stimulation of skin (Aanonsen et al., 1990) . In addition, iontophoretic application of GLUT also results in an expansion of the lowthreshold as well as the high-threshold receptive fields of dorsal horn neurons in the cat (Zieglgansberger and Herz, 197 1) . However, in each of these studies, either technical factors or limited sample sizes prevented the development of a clear picture of the role of different kinds of EAA recevtors in the resvonses of fibers was between 2 IO and 230 pm. A stainless steel dissecting pin STT cells to activation by different kinds of afferent stimuli.
The goal of the present study was to determine the effects of specific antagonists of NMDA or non-NMDA receptors on the resvonses of STT neurons to mechanical. chemical. and thermal stimulation ofthe skin, and to electrical activation of large dorsal root afferent fibers. To overcome the difficulty in applying adequate concentrations of EAA antagonists by iontophoresis, we have used a microdialysis system to deliver these agents into the dorsal horn. We verified receptor blockade by the antagonism of the discharges evoked by EAA agonists released into the vicinity of STT neurons by iontophoresis.
Materials and Methods
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The experiments were performed on 12 young adult monkeys (Macacafascicularis) weighing 2.0-3.4 kg. The animals were initially tranquilized by ketamine (I 0.0 mg/kg, i.m.) during transportation to the laboratory. Anesthesia was established with a gaseous mixture of halothane, nitrous oxide, and oxygen followed by an intravenous dose of cu-chloralose (60.0 mg/kg). Anesthesia was later maintained by intravenous infusion of pentobarbital (5.0 mg/kg/hr). The level of anesthesia was checked periodically by examining pupillary size and reflexes and monitored continuously by recording expired CO, and heart rate. The monkeys were paralyzed with gallamine triethiodide (20.0 mg/hr) and artificially ventilated. End-tidal CO, was kept between 3.5% and 4.5%, and core temperature was maintained between 37°C and 38°C by a servo-controlled heating blanket. All procedures were reviewed by the local Animal Care and Use Committee and were consistent with the guidelines of the International Association for the Study of Pain and the NIH guide for the care and use of laboratory animals.
The lumbar enlargement was exposed by a laminectomy, and the spinal cord was covered by a pool of warmed mineral oil. A partial craniotomy allowed the introduction of a stainless steel monopolar electrode into the ventral posterior lateral nucleus of the right thalamus (VPL; A 8.0 mm, L 8.0 mm, 16.0-18.0 mm from the surface of the brain); the location of the electrode tip was verified by recording responses evoked by electrical stimulation of the left dorsal funiculus and by mechanical stimulation of the left distal hindlimb.
Experimentalprotocol.
A seven-barrel micropipette was used to apply EAA agonists by microiontophoresis and to record single-unit discharges in the lumbar enlargement (Willcockson et al., 1984a,b, Dougherty and Willis, 199 I a,b, Dougherty et al., 1992) . Recordings from STT cells were made within 750 pm from the nearest edge of the microdialysis fiber and were generally much closer than this. Variation in the distance of the recording sites from the fiber did not result in any apparent differences in the results obtained other than in latency of onset of the antagonist effects and the duration of the subsequent washout of the antagonists. In some animals more than one cell was studied. In these cases, either more than one fiber was used or the dialysis fiber (and VPL electrode) was positioned on the contralateral side. Extracellular activity was monitored with a low-impedance (3-6 MtI) carbon filament in the center barrel of the electrode array, and drugs were delivered from the surrounding outer barrels. Unit activity was observed on analog and digital storage oscilloscopes and fed to a window discriminator interfaced with a computer for data storage and later analysis. Spike size and configuration were continuously monitored on the digital oscilloscope to confirm that activity of the same cell was recorded throughout the experiment. This was found useful to ensure that the relationship of the recording electrode to the target cell was maintained, as well as to exclude the discharges of neiahborina cells. STT neurons were identified using antidromicsearch stimuli (0.75 mA, 200 psec, at 3.0 Hz) applied in the VPL nucleus. The antidromic spikes occurred at fixed latency, showed collision with orthodromic spikes at appropriate intervals, and followed high-frequency (333-500 Hz) stimulus trains.
The microdialysis fiber used to administer the EAA antagonists was ..-.~ ----e was aligned with the edge of the cord. The pin was then cut off and the free end of the dialvsis fiber attached with cvanoacrylate to PE-20 tubing connected to a 5 ml syringe. The syringe was seated in an infusion pump and a constant flow of 5 rllmin of artificial cerebrospinal fluid (ACSF) was initiated. The formulation of the ACSF was the same as used in previous work by our group and contained the following (in mM): 151.1 Na', 2.6 K+, 0.9 Mg2+, I.3 Ca2+, 122.7 Cll, 21.0 HCO,-, 2.5 HPO,*-, 3.5 dextrose, bubbled with 95% oxygen and 5% CO, (final pH 7.4) prior to each experiment. Later switching of the dialysis fiber from control ACSF to EAA-antagonist-containing ACSF [either m-2-amino-7-phosphonoheptanoic acid (AP7) or 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)] was done with a CMA 110 liquid switch to prevent introduction of bubbles and loss of system pressure. The concentration of the antagonists in the ACSF was 2 mM. Preliminary experiments in vitro have shown that at this perfusion rate for 1 hr, the concentration of AP7 in a small chamber containing approximately 100 ~1 of ACSF surrounding the dialysis fiber was 13% of that being perfused. We presume that the delivery efficiency for CNQX was roughly equal to that for AP7. Hence, allowing for the barrier provided by the dialysis membrane, the concentration of the antagonists in the spinal cord would be in the range of 250-275 PM. However, the tortuous diffusion path in the tissue (Benveniste et al., 1990 ) and extraction of these lipophilic molecules by membranes would reduce the actual concentrations at the recording sites by at least another order of magnitude to those typically used in bath applications in vitro, approximately 20 PM for the non-NMDA antagonist CNQX and 50 PM for the NMDA antagonists 2-amino-5-phosphonovaleric acid and AP7 (Watkins and Olverman, 1987; Evans and Long, 1989; Gerber and Randic, 1989a,b; Chen and Huang, 199 1) . prepared and the-active zone positioned in the dorsal horn as previously described (Sorkin et al., 1988) . Briefly, the fibers were fashioned from 30 cm lengths of Cuprophan tubing (150 sum i.d., 9-pm-thick wall) with a 9 kDa n&ecuIar weight cutoff (Spectrum) and coated with a thin layer of silicon rubber (Dow Chemical 3 140 RTN coating) except for a 1 mm length intended to be the active dialysis zone. Any fiber that exceeded a final outside diameter of 250 pm was discarded. The diameter of most
The experiment on each cell began with the determination of control evoked activity to four sets of cutaneous stimuli: (1) mechanical, (2) chemical, (3) thermal, and (4) electrical. Prior to application of the mechanical stimuli, receptive fields were mapped with innocuous and noxious mechanical stimuli using a camel hair brush, finger taps, and brief applications of arterial clips to the skin. Five test points were then chosen and marked with ink for delivery of three sets of mechanical stimuli. The five test points spanned a large receptive field, but sometimes extended beyond a medium-sized or small receptive field. The mechanical stimuli included brushing the skin with a camel hair brush in a stereotyped manner (BRUSH) and then sustained applications of two different-sized arterial clips to a fold of skin. The large clip (PRESS) produces a force of 144 gm/mm* and induces a sense of firm pressure near threshold for pain when placed on human skin. The second clip (PINCH) exerts a force of 583 gm/mm* and is distinctly painful. Prior to application of the mechanical stimuli, background activity was recorded for 2 min. The stimulus set began with an additional recording of background activity for IO set, and then the BRUSH stimulus was applied to test point 1 for 10 set; after a 10 set pause, the stimulus was applied to test point 2 for 10 sec. This sequence was followed until the stimulus had been applied to all five test sites. After the BRUSH stimuli had been delivered, the entire sequence was repeated twice more, first with the PRESS and then with the PINCH stimulus. Care was taken to ensure that the BRUSH responses on each occasion were maximal and that the PRESS and PINCH stimuli were applied to the same marked location and the responses recorded while allowing the clips to hang freely from the skin. Only a single set ofmechanical stimuli wasgenerally applied before injection of capsaicin (CAP); however, control experiments showed that repeated application of these nondamaging stimuli elicited consistent responses . Although the responses were not obtained by "blinded" investigators, they were obtained over prolonged periods from multiple locations and without observation of the oscilloscopes or the computerized record; hence, the investigators were "operationally blinded." Responses to mechanical stimuli were later used to categorize the cells as wide dynamic range (WDR) or hiah threshold (HT). WDR cells resuonded to all three mechanical stimuli, whereas HT cells responded weakly to BRUSH (10% or less of the maximal response) or not at all. No low-threshold neurons were encountered in this study.
The thermal stimuli were applied using a feedback-controlled peltier thermode with an active area of 36 mm2 (Wilcox and Giesler, 1984) . The adaptation temperature was set at 35"C, and cycles of S-set-long heating pulses from 39°C to 53°C were applied in increments of 2°C. A recovery period of 30 set was allowed between successive pairs of heat pulses.
The electrical stimuli were applied to a dorsal rootlet that innervated the distal hindlimb and entered the spinal cord adjacent to the recording site and microdialysis fiber. The rootlet was placed on a platinum bipolar electrode. Rectangular electrical shocks (200 psec) were applied to the root at strengths graded from threshold for induction of a local field potential (measured through the recording barrel of the multibarrel microelectrode) to 10 times threshold. Responses to these shocks were recorded as a local field potential, as evoked spikes of the STT neuron, and as a cord dorsum potential recorded with a 1 mm square platinum plate electrode placed upon the surface of the spinal cord between the dorsal rootlet and the microdialysis fiber. The field potentials were averaged on a Nicolet 4562 digital oscilloscope following a total of 25 shocks delivered at 3 set intervals for each stimulus strength. The times at which evoked spikes occurred were recorded in five poststimulus time histograms compiled from five stimulus repetitions at each strength.
, .
EAAs were applied by five IO-set-long current pulses (or in some cases 5 set pulses) that were incremented in steps of either 5 or 10 nA. Retaining currents sufficient to prevent drug leakage (usually IO-1 5 nA) were used between drug applications. Net current at the electrode tip was continuously monitored and neutralized with the aid of a Medical Systems iontophoresis pump (model BH-2). The EAA agonists applied bv iontonhoresis and the EAA antaeonists aunbed bv microdialvsis were tophoretic pulses were significantly (p < 0.05) changed in the same direction (elevation or inhibition). Thermal responses were considered to show a significant change when a previously ineffective heat stimulus evoked a response (lowered threshold) or the responses increased for a given temperature. Grouped responses were determined by calculating the total number of spikes evoked by the individual stimulus sets delivered to each cell at each time point during the experiment. These total evoked responses were combined for various groups and differences from controls calculated using the Wilcoxon rank sum test. Averaged stimulus-response curves for thermal stimuli and for graded iontophoretic current pulses for each group were also calculated, and differences between these responses were determined using Wilcoxon's test. The responses of a cell to electrically evoked volleys in the dorsal root filament were compared using the paired t test. The grouped responses were compared using Wilcoxon's test. Finally, for comparison of the relative effects of CNQX and AP7 on the various stimuli, the change in response of each cell to each stimulus was calculated as a percentage of the control response [(control response/antagonist response) x 1001. These values were combined to yield a mean percentage change in response compared to control for all stimuli with each antagonist.
Results
General observations. Recordings were made from a total of 34 STT cells in 12 experiments. These included 25 cells classified as WDR neurons and 9 classified as HT neurons. The recording ;rn from the surface: and that for the HT cells was 1622.9 + sites were located from 250 to 2290 pm below the surface of the spinal cord, suggesting that the cell bodies were located in laminae I-VI of the dorsal horn (Owens, 199 1 tration of CAP . Briefly, 0.1 mfofa solution Once the control responses to all stimulus sets were recorded, CAP was injected intradermally to activate C fibers, using a method similar to that of Simone et al. (1987 Simone et al. ( , 1989 but with a higher concen-30 1 .O pm. The background activity of the cells ranged from 0.0 1 to 46.15 spikes/set. The mean background activity of the WDR cells was 15.36 f 13.75 spikes/set, and that of the HT cells was neurons was 6.26 * 3.0 msec, and that of the HT neurons was 6.8 + 2.7 msec.
7.0 -t 6.3 spikes/set. The mean antidromic latency of the WDR A total of 19 cells was used for the experiments using AP7. These cells included 14 WDR neurons and 5 HT neurons. The mean depth of recording for this group was 1593.2 & 12 1.5 Mm, the mean background activity was 11.9 + 9.6 spikes/set, and the mean antidromic latency was 5.43 + 0.5 1 msec. A total of 15 cells was used for the experiments using CNQX, and these included 11 WDR neurons and 4 HT neurons. The mean depth of recording of this second group was 1609 ? 256.9 Km, the mean background activity was 15.78 & 15.5 spikes/set, and the mean antidromic latency was 7.71 + 3.43 msec.
of 3% CAP (in Tween 80 and saline) was injected intradermally into the center of the receptive field. The injection produced a skin bleb that was approximately 1 cm in diameter. In each case the injection was several centimeters from the nearest site chosen for application of the mechanical stimuli.
Following the recording of responses to the first CAP injection, a 1 hr recovery period was allowed and then the infusion was switched to deliver the ACSF containing an EAA antagonist. The antagonist was infused for 30-60 min, at which time the responses to NMDA (for AP7-ACSF) or AMPA (for CNQX-ACSF) were recorded to demonstrate blockade of EAA receptors near the STT cell under observation. The variation in infusion time was due to the small variations in the distances of the recording sites from the near edge of the dialysis fiber. Other than this variation in time for onset ofthe antagonist effects and subsequently the time necessarv for washout of the antagonists. the variation of the distance of the recording sites from the fib& did not affect the overall efficacy of the antagonists in preventing EAA discharges or sensoryevoked responses. The responses to all remaining stimuli (EAAs, mechanical, thermal, and electrical) were then recorded in the presence of the receptor blockade. A second CAP dose was then injected at least 5 cm proximal of the first injection site and the responses obtained as described above. The infusion was then returned to ACSF alone and the receptor antagonist allowed to be at least partially washed out. Responses to all stimuli were monitored at 30-60 min intervals until signs of recovery from the antagonists were observed or the cell was lost. In two experiments CAP was not injected so that the effects of the NMDA antagonists on the responses to the mechanical and thermal stimuli could be evaluated without the complication of the transient sensitization produced by the chemical stimulus ).
Data analysis. The stored digital record of unit activity was retrieved and analyzed offline. Accumulated frequency histograms were generated for all drug-evoked and sensory-evoked events. Background activity was subtracted from all events..Differences between responses at the same location, temperature, or individual iontophoretic doses were calculated by analysis of variance (Student Neuman-Keuls test). Responses of a single neuron were regarded as significantly changed when the responses to at least two of the five sites (mechanical stimuli) or ionFor experiments using either type of EAA antagonist, there were no apparent differences in the effects of either the EAA agonists or antagonists on the responses of WDR versus HT cells. For example, the mean total responses of the different cell types to the EAA agonists differed by less than 1 spike/set for NMDA and by 4.7 spikes/set for AMPA. By definition, the responses of these cell types were different to the mechanical stimuli, and as previously reported ) the responses to CAP were more pronounced for the WDR cells than for the HT cells. Despite differences in the sizes of the responses of the different cell types to the different sensory stimuli, the relative effects of the antagonists on the responses of the cells to the sensory stimuli were not different. For this reason, the results for the two types of cells were combined in the analysis. However. since our samnle of STT cells was skewed in favor of WDR'cells, we cannot exclude the possibility that differences in the responses of these cell types to particular EAA agonists or antagonists may exist. All cells used for the illustrations were WDR cells. We did not study the responses of any neurons before and then following insertion of a microdialysis fiber through the spinal cord, and therefore we cannot rule out the possibility that this procedure may have altered the responses of the cells under study. However, all recordings were conducted no sooner than 2-3 hr following fiber insertion, which is sufficient time for the stabilization of extracellular concentrations of several neurotransmitter levels (Sorkin et al., 1988 . In addition, the background discharge rates of the cells remained stable throughout the control recordings and the mean rates for the cells in our study are comparable to those observed in previous studies in which no microdialysis fibers were passed through the spinal cord (Dougherty and Willis, 199 la,b, 1992; . Moreover, the magnitudes of the control responses to the mechanical stimuli and to CAP were comparable to those observed in our previous studies.
General protocol for experiments. The experiments involved the assessment of a large series of responses of STT cells to iontophoretic application of EAAs, mechanical and thermal stimulation of the skin, intradermal injection of CAP, and electrically evoked volleys in a dorsal root filament before, during, and after infusion of an EAA antagonist into the dorsal horn by microdialysis. For the analysis of changes in the responses produced by the EAA antagonists, we regarded the initial series of responses as the controls and the increases that often followed intradermal CAP as due to a transient sensitized state (Dougherty and . For most STT cells, CAP produces increases in the responses to many of the stimuli lasting 1.5-2 hr (cf. . In the present experiments, a 1 hr recovery period was allowed following the first intradermal injection ofCAP, and then the EAA antagonist had to be infused by microdialysis for about 30-60 min before there was a sufficient blockade of the appropriate receptors in the vicinity of the STT cell under observation. Thus, at least 90-I 20 min had passed before the tests were begun to determine the effects of the EAA antagonists, and so we assumed that the responses observed after this time reflected the effects of the antagonists and not the CAP-induced sensitization. As a check on this assumption, we also examined the effects of the antagonists on eight cells in two experiments without CAP injection.
A second important assumption in these experiments was that the second series ofstimuli would evoke approximately the same responses as the first series. Figure IA shows that this was the case for a cell in which two entire stimulus sequences were given without administration of an EAA antagonist (ACSF was infused through the dialysis fiber). The only substantial change in the responses was an increase in that to PRESS. Figure 1 , B and C, shows two comparable series of responses for other cells, but between the stimulus sequences an EAA antagonist was administered by microdialysis. For Figure 1 B, the antagonist was CNQX, which selectively blocks non-NMDA receptors, and for Figure 1 C it was AP7, which selectively blocks NMDA receptors. In these two experiments, when the EAA antagonist was given, all of the responses were reduced, many profoundly (see below).
Effect of EAA antagonists on responses to EAAs. and 3 illustrate the effects of the administration of CNQX and AP7 by microdialysis on the responses of the STT cells that were also shown in Figure 1 , B and C, to various EAAs. Iontophoretic application of all five EAAs resulted in a dose-related activation of each STT cell studied. Perfusion of the spinal cord with the EAA antagonists resulted in a profound suppression of the responses of the neurons to the specific ligands at which the antagonists were directed. For example, in Figure 2E , a complete block of the responses to AMPA was obtained 60 min after starting flow of CNQX-ACSF. The responses to KAIN for this neuron and the remaining representative neurons were comparable to the results with AMPA (data not shown). At the same time at which the responses of the neuron to AMPA were completely blocked, responses to NMDA were still present, although some reduction as shown in Figure 2G was not uncommon. The responses to GLUT were more sensitive to block by CNQX than were the responses to ASP, as shown in Figure 2 , F and H. Finally, following a washout period of 4 hr, the responses to all EAAs showed evidence of recovery toward the baseline level.
Comparable results were obtained following perfusion of the cord with AP7-ACSF. As shown in Figure 3E , following 30 min of infusion of AP7 through the microdialysis fiber, the responses to NMDA were completely blocked while the responses to AMPA showed no apparent change (Fig. 3G) . At the time when the responses to NMDA were blocked, the responses to ASP were substantially reduced while those to GLUT appeared to be unaffected (Fig. 3F,H) . Following 2 hr of washout, the responses to NMDA showed evidence of partial recovery (Fig. 30 , while the responses to the other EAAs had returned to levels that were equal to or greater than those obtained initially. The averaged responses of all cells exposed to the various EAAs in the presence of either CNQX or AP7 are shown in Figure 4 . The effects of the antagonists on the responses to AMPA and KAIN were comparable (Fig. 4A,B) . Infusion of AP7 did not result in any significant change in the mean response of the cells to AMPA and KAIN. There was a 20% reduction in the mean response to GLUT; however, this was not statistically significant. In contrast, CNQX infusion resulted in a nearly complete blockade of the responses to AMPA and KAIN and profoundly reduced the responses to GLUT. Little recovery was seen in the responses to the non-NMDA ligands during the washout of AP7, presumably due to the small initial effects of this antagonist. The recovery of the responses was very slow during washout of CNQX. Often only a partial recovery was seen at 60-180 min after termination of the infusion of this antagonist.
The effects of the antagonists on the responses of the cells to NMDA and ASP were very similar (Fig. 4D,E) . A very large reduction in mean response of the cells was observed after AP7 infusion and only a small reduction with CNQX infusion. In fact, the responses to NMDA were greatly reduced without exception by AP7, while the responses to NMDA in the presence of CNQX showed increases, small decreases, or no obvious change. Finally, the responses to NMDA and ASP after discontinuation of AP7 infusion returned toward baseline levels over a time course that varied widely between individual cases. Dis- Efects of EAA antagonists on background activity and the responses to mechanical stimuli. An example of the background activity and the responses to mechanical stimulation of an STT cell before, during, and after CNQX administration is shown in Figure 5 (see also Figs. lB, 2). The cell had clear responses to BRUSH, PRESS, and PINCH at the time of the control recordings ( Fig. 54-C) . The background activity of this cell during the recording of the initial responses to the mechanical stimuli was 9.75 spikes/set. During infusion of CNQX, when the AMPA responses of the neuron were blocked, the responses to all mechanical stimuli tested were nearly completely abolished ( Fig. 5D-F ) and the background activity was reduced to 2.65 spikes/set (compare the first 10 set of the records in A and D). Following washout of the antagonist and partial restoration of the AMPA responses, the responses to PINCH began to show some recovery, while the responses to PRESS remained greatly reduced and that to BRUSH remained absent. The responses of two STT cells to mechanical stimulation before and after AP7 infusion are illustrated in Figures 6 and 7. One of these cells (Fig. 6) shows the typical effects of AP7, while the second cell (Fig. 7) shows more dramatic effects that were encountered on occasion. The control responses to mechanical stimulation were readily evident at all five test sites for both neurons (Figs. 6A-C, 7A-C) . The background activity of the first cell was 14.28 spikes/set, and that of the second cell was 0.27 spike/set. Once the AP7 had completely blocked the response to NMDA, the responses to BRUSH and PRESS were essentially unchanged for most STT cells (Fig. 6D,E) while the responses to PINCH generally showed a small reduction (Fig.  6F) . The background activity of the representative cell also showed little change (compare A to D), becoming reduced to 13.03 spikes/set. For the exceptional neuron, when the NMDA responses were abolished (see Fig. 3 ), the response to BRUSH was also completely inhibited (Fig. 70) . The responses to PRESS and PINCH for this cell also showed some reduction (Fig. 7E.F) . Background activity was absent in this cell following infusion of AP7, but was also very low in the control recording (Fig. 7A) . Finally, on partial recovery of the responses of these cells to NMDA, the responses to all mechanical stimuli of the typical neuron and the PINCH response of the exceptional neuron showed evidence of a rebound increase in size (Figs. 6G-I, Fig.  70 , while the BRUSH and PRESS responses of the exceptional neuron had increased to a level less than or near the control.
Efects on grouped background activity and responses to mechanical stimuli. The averaged responses to the mechanical stimuli and the mean background discharge rates of the cells before, during, and following administration of the antagonists are shown in Figure 8 . The effects of the antagonists on background activity are shown in Figure 8A . sulted in a more significant (p < 0.01) reduction than did AP7 (p < 0.05). Following the washout period, the background activity of the AP7-treated cells tended to show a rebound increase while that of the CNQX-treated cells remained depressed. The effects of the antagonists on the averaged BRUSH responses are shown in Figure 8B . AP7 did not result in a reduction of the mean BRUSH response, although it did cause a reduction of BRUSH responses of some individual cells (Figs. lC, 6G ). The mean response to BRUSH in the CNQX group was significantly reduced (p < 0.0 1). Hours following discontinuation of infusion of the antagonist, recovery of the responses to the EAAs resulted in a rebound increase of the BRUSH response in the AP7-treated cells, whereas the responses of the CNQXtreated cells remained greatly reduced even though the responses to AMPA had shown some evidence of recovery.
The grouped responses to PRESS are shown in Figure 8C . Infusion of AP7 again did not result in a reduction of the mean response. In contrast, infusion of CNQX resulted in a significant reduction in the mean PRESS response (p < 0.01). Discontinuation of the AP7 infusion again resulted in a rebound increase of the PRESS response following a washout period, while termination of the CNQX infusion resulted in only a small increase in PRESS response despite several hours of washout.
The grouped PINCH responses are shown in Figure 80 . Infusion of AP7 resulted in a small but significant reduction in mean response to PINCH (p < 0.05). Infusion of CNQX also resulted in a significant reduction in the PINCH response when compared to the control level 0, < O.Ol), and this was ofa much larger magnitude than the reduction obtained with AP7. To ensure that our results were not grossly affected by the intradermal administration ofCAP, two additional experiments were performed to assess the effects of CNQX and AP7 on the responses of STT cells to the mechanical stimuli without an intervening injection of the chemical stimulant. The combined results for the eight cells included in this subgroup (three for CNQX and five for AP7) are shown in Figure 9 . The results obtained with both antagonists were essentially identical for the groups of cells that were not activated by CAP as for those that were. The background activity and the responses to BRUSH, PRESS, and PINCH were all greatly reduced during infusion of CNQX and blockade of the responses of the cell to iontophoretitally released AMPA. The background activity and the responses to the mechanical stimuli showed little recovery following a washout period and partial restoration of the responses to AMPA. Cells exposed to AP7 without CAP showed a small reduction in background activity, no change in the responses to either BRUSH or PRESS, and only a small reduction in the responses to PINCH. Following a washout period and partial restoration in the responses ofthese cells to NMDA, a significant rebound increase was observed for the responses to BRUSH and PRESS, while the responses to PINCH showed no obvious change from the level observed during infusion of the AP7.
Effects of EAA antagonists on responses to chemical stimulation. Figure 10 shows the responses of two representative neurons to the chemical stimulation of C afferents produced by intradermal CAP injection. The CNQX-treated cell (Fig. lOA-D) had a steady background discharge of 2.1 spikes/set when the control recording was made (Fig. 1OA) . The first injection ofCAP within the receptive field resulted in a very large increase in discharge frequency that attained a peak of nearly 200 spikes/ set (67.3 spikes/set averaged over 20 set; Fig. 10B ). This large elevation was followed by a new elevated background discharge rate of 5.9 spikes/set, which persisted for at least 15 min after injection. The infusion of CNQX and establishment of a blockade of the responses to AMPA were accompanied by a reduction in the background activity of this cell to a mean rate of 0.58 spike/set (Fig. 1OC) . A second injection of CAP at a slightly more proximal site in the receptive field resulted in no substantial increase in activity (Fig. lOD) , in contrast to the large increase seen with the first injection. In addition, although a small sustained background discharge of 2.83 spikes/set was observed, the magnitude of this discharge was much smaller than that following the first injection. The AP7-treated cell showed less dramatic changes than those of the CNQX-treated cell (Fig. IOE-H) . The initial background discharge rate of this cell was 22.4 spikes/set (Fig. 10E) . The first injection of CAP resulted in a large initial burst of activity that attained a peak of nearly 300 spikes/set (70.9 spikes/set averaged over 20 set), followed by a slowing of the rate to a new sustained level of 30.5 spikes/set (Fig. 1 OF) . Upon infusion of AP7 and establishment of a blockade of the responses to NMDA, the background discharge rate was reduced to 12.6 spikes/set (Fig. 10G) . The second injection of CAP resulted in a greatly attenuated initial burst of activity to less than 150 spikes/set (45.4 spikes/set averaged over 20 set) and a sustained discharge rate of 14.58 spikes/set (Fig. 1OH) .
Grouped responses to CAP and CAP-induced sensitization.
The averaged effects ofthe antagonists on the responses to chemical stimulation by CAP are summarized in Figure 11 . Figure  11A shows the effects of both antagonists on the burst in activity of the cells observed immediately (averaged over the first 20 set) after injection of CAP. In both the CNQX-and AP7-treated groups, following the first CAP injection the cells showed a large mean increase in activity of approximately 50 spikes/set (averaged over 20 set) above the resting background discharge rate. The second CAP injection resulted in a greatly blunted surge in activity for the AP7-treated cells @ < 0.05) while infusion of CNQX totally prevented this increase @ < 0.001). Previous work has shown that following intradermal injection ofCAP, a transient sensitization ofthe responses ofSTT neurons to mechanical stimulation may be produced (Simone et al., 199 1; . One criterion used to define the induction of sensitization of STT cells by CAP was a sus- tained increase in background activity of the STT neurons lasting at least 15 min after the injection. The effects of the antagonists on the ability of the CAP injection to produce a sustained increase in background activity are shown in Figure 1 IB. The background activity of the neurons in both groups recorded over a 2 min period starting 1.5 min after the first injection of CAP (dark crosshatched bars) showed a significant (p < 0.01 for the AP7-treated group and p < 0.05 for the CNQX-treated group) elevation over the original control discharge rate (open bars). In contrast, during administration of the antagonists, neither group showed a significant increase in background activity 15 min after the second CAP injection (light crosshatched bars) compared to the background rate just before the second injection (solid bars). A second criterion for sensitization was enhancement of the responses of the STT cells to mechanical stimulation of the skin (Simone et al., 199 1; . Figure 11 C-E shows the effects of the antagonists in preventing the enhancement of the responses of STT cells to mechanical stimulation often observed after CAP injection. The mean responses of the cells in both treatment groups to BRUSH and PRESS following the first injection of CAP (dark crosshatched bars) were significantly elevated (p < 0.05 for both) above the control levels (open bars), while the mean responses to PINCH after CAP were not significantly different than control. Thus, the averaged responses of the cells in both the AP7-and CNQXtreated groups showed evidence of sensitization after the first injection of CAP similar to that previously shown for other STT neurons . In contrast, with the antagonists present, no increases in mean responses to BRUSH, PRESS, or PINCH were observed after the second injection of CAP (light crosshatched bars compared to solid bars).
Grouped thermal responses. The mean responses of STT cells to thermal stimulation before and then during infusion of the antagonists are shown in Figure 12 . The results for the cells exposed to the effects of CAP stimulation are shown in Figure  12A , and Figure 12B shows the results for cells in animals not given CAP injections. The open symbols show the control response curves for each group (circles for AP7-, squares for CNQX-'treated cells). The threshold for response to a 5 set heat pulse was between 45°C and 49°C for both groups exposed to CAP stimulation. Following stimuli above threshold, the responses increased in an approximately exponential fashion with increasing temperature across the range tested. The thermal responses obtained following blockade of NMDA receptors with AP7 are shown by the curve with solid circles. The threshold was now between 49°C and 5 1°C but the curve above threshold showed an exponential rise. Hence, the AP7 caused a rightward shift of the thermal response curve. Finally, the response curve in the presence of CNQX blockade of non-NMDA receptors is that with the solid squares. CNQX resulted in a nearly complete block of the responses to noxious heat.
The results for cells in animals not exposed to CAP (Fig. 12B ) were nearly identical to those from animals that were exposed. Control threshold for the AP7-treated cells was between 45°C and 47°C and the response curve then rose steeply over the higher intensity range. Following infusion of AP7, the threshold for these cells shifted to near 49°C followed by a steep rise over the rest of the response range. Hence, with or without exposure to CAP stimulation, AP7 appears to result in an elevated threshold and often a rightward shift of the thermal response curve. The threshold for control responses of the CNQX-treated cells was also between 45°C and 47°C. Infusion of CNQX abolished the responses of these cells to thermal stimulation.
Responses to electrical stimulation of a dorsal rootlet. Volleys were evoked in a dorsal root filament by graded intensities of electrical stimuli from just above threshold (0.2-1.0 V) to 10 times threshold. Stimuli at these intensities would presumably activate myelinated fibers ranging in size from the largest down into the A6 range; however, the smallest myelinated and unmyelinated fibers would not have been excited. The responses that were recorded included the negative cord dorsum potentials, the local negative field potential that was detected by the microelectrode used to record the activity of the STT cell under observation, and the discharges of the STT cell. Figure 13 shows tracings of the negative cord dorsum and local field potentials in the same experiment in which recordings were made from the neurons shown in Figures 1, A and C, 2; 3; and 7. In Figure 13A , the superimposed records are the cord dorsum potentials evoked by stimuli that were near threshold (r) and 2T, 4T, and 1OT for axons in the dorsal root filament. The increasingly larger volleys evoked progressively larger N waves. During the infusion of CNQX, the same volleys evoked much smaller N waves (Fig. 13B) . In Figure 13E , the same dorsal rootlet volleys are shown to evoke a negative field potential in the vicinity of the STT cell under observation. The higher-intensity volleys also caused a burst discharge by the STT cell. During administration of CNQX, the negative field potential was nearly eliminated (although the afferent volley was still present), and the cell did not discharge in response to the largest volley ( Fig. 130 . Administration of AP7 was less effective in reducing the negative cord dorsum and field potentials. In Figure  13 , C and D, the negative cord dorsum potentials were only slightly reduced by AP7. The local field potential was more affected than the cord dorsum potential, as seen in Figure 13 , G and H, the discharges evoked by the volleys at 2T, 4T, and 1OT were reduced in number but not eliminated by AP7. The changes in the mean negative cord dorsum potentials, negative field potentials, and evoked discharges of the STT cells produced by administration of CNQX or AP7 for both treatment groups are summarized in Figure 14 . The bar graph in Figure 14A shows the mean total evoked responses, and the line graphs in Figure 14B -D show the mean responses at each stimulus strength. Both CNQX and AP7 produced significant reductions (p < 0.001 and p < 0.05, respectively) in the total number of spikes evoked by the graded electrical volleys. However, by comparison the grouped responses for the CNQX-treated cells showed much larger reductions than did the AP7-treated cells. The relative potency of CNQX versus AP7 in reducing the electrically evoked responses is further evidenced by the bar and line graphs for the spinal cord potentials. AP7 did result in Examination of the stimulus-response curves in Figure 14B -D shows the relative effects of AP7 and CNQX at each stimulus strength. AP7 resulted in a significant reduction of the evoked spikes at 2-l 0 times threshold stimuli (p < 0.05,0.05, and 0.0 1, respectively), and in a significant reduction in the local field potential areas at threshold and 10 times threshold @ < 0.05 for both). AP7 did not significantly affect the cord dorsum potential areas at any of the stimulus strengths used. In contrast, CNQX resulted in a significant reduction of the evoked spikes, local field, and cord dorsum potential areas at all strengths with p values ranging from CO.05 to cO.01.
Summary of effects of CNQX and AP7. Figure 15 summarizes the percentage reduction induced by CNQX and AP7 for responses to each of the EAAs and to all the test stimuli. The 100% level is the control response level, and the bars show the percentage of control for each stimulus with one or the other antagonist present. The bar graph in Figure 15A shows the mean percentage of control for each of the responses induced by the EAAs in the presence of the antagonists. AP7 resulted in a > 90% reduction ofthe NMDA response with no change in the response to AMPA. The responses to the endogenous ligand ASP were markedly reduced by AP7, and the responses to GLUT were less affected. CNQX resulted in a > 90% reduction of the AMPA response and no reduction in the response to NMDA. In contrast to AP7, CNQX resulted in a greater reduction in the response to GLUT but no change in that to ASP. Inspection of the bar graphs in Figure 15B shows that AP7 had no effect on the responses to BRUSH and PRESS. However, it reduced the responses to PINCH, CAP, and noxious heat to 79%, 61%, and 29%, respectively. It also reduced the responses to volleys in myelinated fibers to about two-thirds of the control level. In contrast, CNQX resulted in a reduction of the responses to mechanical, chemical, and thermal stimuli to less than 15% of control, and the responses to the electrical stimuli were reduced to between 25% and 30.5% of control.
Discussion
The present experiments have shown that EAA antagonists may be successfully delivered by microdialysis into the neuropil surrounding an STT neuron to block receptors activated by iontophoretic release of EAA agonists. Although the actual concentrations of the antagonists in the vicinity of the STT cells are not known, we have found empirically that a concentration sufficient to block the responses to receptor-specific agonists can be achieved. This blockade is reproducible and is relatively specific to a targeted receptor. The reduction of the responses to AMPA by AP7 and to NMDA by CNQX were small, generally less than 20%. Although this observation suggests that there may have been some nonspecific antagonism, we cannot exclude the possibility that the cells may have become less excitable because of removal of a tonic excitatory drive since both AP7 and CNQX could reduce background activity. We also observed that the antagonism produced by AP7 was readily reversed very shortly following discontinuation of its administration, while the antagonism produced by CNQX required a very prolonged washout period for evidence of recovery toward baseline. Investigators using these antagonists in other systems, including in vitro slice preparations, have encountered the same problems in reversing the effects of CNQX (Rainnie et al., 199 1) . We suspect that this difference in recovery time reflects a difference in the lipid solubility of the two compounds. We conclude that microdialysis provides a convenient method to deliver antagonists in pharmacologically specific doses to a large portion of the dorsal horn. It is of interest that reductions in GLUT responses were more pronounced with infusion of CNQX than of AP7, while the opposite was true for responses to ASP. This suggests that in the monkey spinal cord, GLUT acts as a non-NMDA-preferring ligand and ASP acts as an NMDA-preferring ligand. This conclusion is consistent with previous proposals based on studies on cat and rat spinal cord (Davies and Watkins, 1983; Jahr and J,essell, 1985; Davies and Lodge, 1987; Davies, 1988; Monaghan et al., 1989) .
Our results have also shown that antagonists of EAAs acting on NMDA and non-NMDA receptors reduce the responses of STT neurons to mechanical, chemical, and thermal stimulation of the skin, and to electrical stimulation of dorsal rootlets. These findings further confirm a role for EAAs in the chemical transmission of afferent information to dorsal horn neurons. The responses of STT cells to BRUSH are presumably evoked by volleys in myelinated (A@ or A6) fibers (Perl, 1968; Willis et al., 1975) , whereas the responses to PINCH would be expected to have been evoked by small myelinated (A6) and unmyelinated (C) fibers. A reduction in the mean responses of the STT cells to BRUSH by CNQX and not by AP7 suggests that chiefly non-NMDA receptors mediate the responses of STT cells to innocuous mechanical stimulation of the skin. However, AP7 did cause a reduction in discharges evoked by electrical stimulation of the dorsal rootlets at intensities sufficient to activate only myelinated afferents, and in addition, a few isolated cells (see Fig. 6 ) did show a reduction of BRUSH response in the presence of AP7. These additional observations indicate that although non-NMDA receptors are the dominant ones for activation of STT cells by innocuous stimuli, under certain conditions NMDA receptors may also transmit information related to innocuous stimuli to STT cells (see below, re sensitization).
Unlike the responses to BRUSH, the mean responses of STT cells to PINCH were reduced by both CNQX and by AP7, suggesting that mechanical nociceptors activate STT cells by a pathway that makes use of both non-NMDA and NMDA receptors. Similarly, the excitation of STT cells by noxious heat stimuli and by intradermal CAP, which are likely to involve activation of thermal nociceptors and chemosensitive C fibers (Baumann et al., 199 1) , was also reduced by CNQX as well as by AP7. Thus, the responses of STT cells to stimuli conveyed through finely myelinated and unmyelinated afferents involve pathways using both EAA receptor subtypes.
The relative efficacies of CNQX and AP7 in antagonizing the responses of STT cells to cutaneous stimuli, as shown in the present study, would seem to suggest that non-NMDA receptors indeed mediate responses of STT cells following activation of large afferents while NMDA receptors mediate the responses of STT cells following activation of small afferents. However, our observations on the relative effects of CNQX and AP7 on the local field and cord dorsum potentials add an additional element of specificity to this arrangement. The infusion of CNQX resulted in a very profound reduction of all inputs evoked by stimulation of the skin, and moreover was also associated with a nearly complete blockade of the local and cord dorsum field potentials evoked by electrical stimulation of dorsal rootlets. AP7 resulted in a less substantial reduction of the responses to various cutaneous stimuli, and more importantly also resulted in a less substantial reduction of the cord dorsum and local field potentials. In each of those cases where both CNQX and AP7 showed an effect on a particular response, CNQX was always more effective than AP7 in attenuating the responses of STT neurons. Since the cord potentials are due to the activation of populations of dorsal horn neurons (Beall et al., 1977) , this observation suggests that fewer cells of all types are activated in the dorsal horn while CNQX is present than are activated while AP7 is present. This would be consistent with the conclusion of several groups working on either cat or rat spinal cord neurons that non-NMDA receptors mediate monosynaptic actions of primary afferent fibers onto dorsal neurons while NMDA receptors mediate polysynaptic inputs to the dorsal horn (Davies and Watkins, 1983; Peet et al., 1983; Salt and Hill, 1983b; Schouenborg and Sjolund, 1986; Flatman et al., 1987; Childs et al., 1988; Davies, 1988; King et al., 1988; Evans and Long, 1989; Morris, 1989; Dickenson and Sullivan, 1990 ). This in turn would suggest that activation of STT cells by innocuous stimuli is largely due to monosynaptic connections of large myelinated fibers with STT neurons and that noxious inputs are mediated through both monosynaptic and polysynaptic connections of nociceptors to STT neurons. We previously reported that iontophoretic release of AP7 had no effect on the mean responses of STT neurons to mechanical stimuli, although some individual cells did show reductions. The effects of AP7 are now more evident, since the administration of the antagonist by microdialysis ensured our saturating a much larger area of each cell's dendritic tree with antagonist than is possible using iontophoretic administration. Similarly, the results with CNQX following microdialysis infusion clearly resulted in a reduction of responses of STT cells to all of the sensory stimuli tested. These results combined suggest that both EAA receptor subtypes are present on STT neurons. Dorsal root axons and dorsal root ganglion cell bodies of all sizes contain both ASP and GLUT (Battaglia et al., 1987; Battaglia and Rustioni, 1988; Westlund et al., 1989 Westlund et al., , 1990b , and GLUT is found in EAA-containing axon terminals in synaptic contact with STT neurons (Westlund et al., 1990a) . STT cells receive synaptic contacts from large myelinated fibers (Foreman et al., 1975) , and it would not be unreasonable to expect that some of these fibers also contain EAAs. STT cells also have synaptic contacts from fibers that contain calcitonin gene-related peptide (CGRP) and substance P (SP, Carlton et al., 1985 Carlton et al., , 1990 . Since CGRP in the dorsal horn is contained solely in the terminals of primary afferent fibers and has been colocalized with SP (Chung et al., 1988; Wiesenfeld-Hallin et al., 1989) , and SP in turn has been colocalized with EAAs (DeBiasi and Rustioni, 1983) , it seems probable that at least some unmyelinated fibers containing EAAs make synaptic contacts on STT neurons. Assuming that GLUT acts as a non-NMDA-preferring ligand and that ASP acts as a NMDA-preferring ligand, as has been suggested previously (Davies and Watkins, 1983; Jahr and Jessell, 1985; Monaghan et al., 1989) , it would seem safe to conclude that STT cells have both NMDA and non-NMDA receptors. This is further supported by the observation that isolated dorsal horn neurons, et al. including STT cells, show depolarizations following application of both NMDA and non-NMDA ligands (Chen and Huang, 1991) .
In this and in previous studies in this laboratory, we have reported that primate STT cells typically have a substantial level ofbackground activity (Surmeier et al., 1989; Zhang et al., 199 la) . The present work has shown that infusion of CNQX reduces the mean background discharge rate of STT cells. Infusion of AP7 also marginally reduced the mean background rate. In six cases (five with AP7, one with CNQX), an increase in background discharge rate was observed following infusion of the antagonists by microdialysis. Occasional increases in background activity of STT cells were also observed following iontophoretic release of AP7 (Dougherty and Willis, 199 1 a) . These observations suggest that there is a tonic activation of NMDA and non-NMDA receptors on STT neurons, as well as on both excitatory and inhibitory interneurons that synapse on STT cells, to determine the background discharge rate. In support of this conclusion is the observation that substantial levels of GLUT and especially ASP are detectable in the extracellular fluid of monkey and rat spinal cords (Skilling et al., 1988) in the absence of peripheral stimulation. In addition, assuming that the characteristics of NMDA receptors described in vitro (Monaghan et al., 1989) are operational in vivo, STT neurons would need to be tonically depolarized for NMDA receptors to be affected by iontophoretically released agonists. Finally, there is evidence that activation of descending control systems can cause disfacilitation of some STT neurons (Zhang et al., 1990b) ; disfacilitation depends on the presence of substantial spontaneous activity.
An additional finding of the present study was that infusion of either CNQX or AP7 prevented the sensitization of the responses of STT neurons following intradermal injection of CAP. Sensitization of dorsal horn neurons may underlie the development of secondary hyperalgesia, a "use-dependent" phenomenon in that it is necessary for afferent discharges to arrive at the spinal cord in order for hyperalgesia to develop (Hardy et al., 1952) . Assuming that non-NMDA receptors mediate monosynaptic transmission from primary afferent fibers to dorsal horn neurons, it is not surprising that a blockade of this receptor type would prevent sensitization. Infusion of CNQX would essentially have resulted in anesthesia by blocking the responses of most dorsal horn neurons and thus would prevent any secondary responses from occurring. We also found that blockade of NMDA receptors prevents sensitization without affecting responsiveness of STT cells to BRUSH or PRESS stimuli. This suggests that NMDA receptors are not an essential site for the initial transmission of sensory information from undamaged skin but play a key role in the development of secondary hyperalgesia following an injury to skin (cf. Headley et al., 1987 Headley et al., , 1989 . Assuming that NMDA receptors mediate polysynaptic actions on STT cells, this suggests that the hyperalgesia produced by CAP is largely due to an enhancement of activity arriving at STT neurons from intemeurons of the spinal cord. This conclusion in turn suggests that, on those occasions when we did find that AP7 caused a decrease in background activity and of the responses of STT cells to innocuous stimuli, it is possible these cells (or adjacent interneurons)
were previously sensitized by the surgical preparation.
Each of these conclusions conceming the role of NMDA receptors in the dorsal horn are in agreement with proposals by others that NMDA receptors participate in the "windup" of dorsal horn neurons and in the enhancement of flexion reflexes following high-intensity electrical stimulation of afferent fibers or peripheral tissue injury or inflammation (Woolf, 1983; Davies and Lodge, 1987; Schouenborg and Dickenson, 1988; Hoheisel and Mense, 1989; Woolfand Thompson, 199 1; Schaible, 1992) .
In conclusion, the present study has shown that EAAs acting on both NMDA and non-NMDA receptors activate STT neurons in response to diverse types of cutaneous stimuli. Our results are consistent with the idea that non-NMDA receptors mediate the responses at the initial synapse within the dorsal horn between primary afferents and dorsal horn neurons, while NMDA receptors are involved in polysynaptic events. Furthermore, non-NMDA receptors appear to be in the initial stage of the pathway for the chemical transmission of sensory information from primary afferent fibers to dorsal horn neurons while NMDA receptors appear to be centrally involved in the production of enhanced responsiveness of dorsal horn neurons following tissue-damaging stimuli. Since the transmission of sensory information by monkey STT cells closely parallels the psychophysical responses of humans to cutaneous stimuli (LaMotte et al., 199 l) , these findings suggest that under circumstances where the responses of dorsal horn neurons to non-NMDA ligands are enhanced, the perceived result by humans would be allodynia as well as hyperalgesia, while enhancement of the responses of cells to NMDA ligands would produce hyperalgesia alone. Recent findings suggest that one way in which such states could be produced is by corelease of neuropeptides, such as SP, and EAAs from primary afferent fibers into the dorsal horn (Randic et al., 1990; Dougherty and Willis, 199 1 b) . Finally, the background activity of STT neurons appears to be due at least in part to a tonic release of EAAs acting particularly at the non-NMDA receptor subtype, but in some circumstances at NMDA receptors as well.
